1 H NMR chemical shifts have been obtained in the solvents deuterochloroform and dimethyl sulfoxide. The difference in the chemical shifts of an OH or NH group in these two solvents, Δδ = δ(DMSO) − δ(CDCl 3 ), can be converted into the hydrogen bond acidity, A, of the group using the equation A = 0.0065 + 0.133Δδ. The NMR A value, A NMR , can be used as a quantitative assessment of intramolecular hydrogen bonding. We list values of Δδ and A NMR for 55 compounds containing an OH group and 60 compounds with an NH group. For the hydroxy compounds, if A > 0.5 then the OH group is not part of an intramolecular hydrogen bond, but if A < 0.1 then the OH group forms part of an intramolecular hydrogen bond. For NH compounds, if A > 0.16 the NH group is not part of an intramolecular hydrogen bond, and if A < 0.05 the NH group is part of an intramolecular hydrogen bond. No comparison compounds are needed, and the method is extremely simple. We further show how it is possible to relate intramolecular hydrogen bonding to the actual effect on values of a number of physicochemical, environmental, and biochemical properties.
■ INTRODUCTION
Shalaeva et al. 1 have recently shown that the presence of an intramolecular hydrogen bond (intraHB) in a molecule can considerably alter the properties of a molecule. These include properties relevant to drug design such as solubility, permeability, and partition. It is therefore important to be able to identify molecules that possess intraHBs and, if possible, to assess the effect of an intraHB on the molecular properties. Testa and co-workers 2−5 were the first to show that the effect of intraHBs could be observed in water−solvent partition coefficients (as log P) and particularly in differences between partition coefficients in water−octanol and water−aprotic solvent systems. They set out differences in log P for water− octanol and water−heptane partitions (eq 1) and showed that intraHBs greatly reduce the value of Δ(log P) oct−hept . They also observed similar effects due to intraHBs in other water−octanol and water−solvent systems. 4 ,5 Leo 6 used octanol and chloroform as the two solvent systems in order to calculate the hydrogen bond acidity of a solute, and Feng et al. 7 used dibutyl ether and cyclohexane as the solvent systems to calculate solute hydrogen bond acidity.
log log oct hept oct hept (1) Testa and co-workers 4,5 employed a linear free energy relationship (LFER) to show more exactly the factors contributing to Δ(log P). A more up-to-date LFER is that due to Abraham and co-workers, 8−10 shown as eq 2. In this equation, E is the solute excess molar refractivity in units of (cm 3 mol
)/10; S is the solute dipolarity/polarizability; A and B are the overall or summation hydrogen bond acidity and basicity, respectively; and V is the McGowan characteristic volume in units of (cm 3 mol
)/100. We shall not deal with the determination of the solute descriptors from experimental data, as this has been described several times in some detail (see refs 9 and 10 and especially the review by Clarke and Mallon 11 ). The coefficients in eq 2 for log P values in a number of water− solvent systems 12 are given in Table 1 . The differences in the coefficients reflect differences in log P and hence the values of Δ(log P). For all of the aprotic solvents other than ethers and esters (which contain appreciable quantities of water in contact with water), the differences in the a coefficient from that in octanol are very large, and it is this difference that has led previous workers 2−7 to suggest that Δ(log P) oct−solvent can be used as a measure of the hydrogen bond acidity of a molecule. Then, as shown in Table 1 , intraHBs lead to a reduction in the overall hydrogen bond acidity of a molecule and hence to an increase in Δ(log P) oct−solvent by comparison to a "control" molecule in which there is no intraHB. As mentioned above, Feng et al. 7 used the difference in log P values in dibutyl ether and cyclohexane to calculate the solute hydrogen bond acidity. It can be seen from Table 1 that the difference between the a coefficients for these two systems is also very large. Shalaeva et al. 1 used these concepts to investigate values of Δ(log P) derived from water−octanol and water−toluene partitions as an indicator of intraHBs. They measured log P values in the two given systems for a "test" compound and a "control" compound and suggested that if Δ(log P) oct−tol (test) < Δ(log P) oct−tol (control) then the test compound has a high propensity to form an intraHB, whereas if Δ(log P) oct−tol (test) > Δ(log P) oct−tol (control) the test compound has a low propensity to form an intraHB. They gave a number of illustrations involving the intraHB between an NH hydrogen and an amide CO group in which the intraHB was usually part of a six-membered-ring system. The experimental work is considerable, as it requires the determination of water−octanol and water−toluene partition coefficients for the test molecule and the control molecule, that is, four separate partition measurements. However, Shalaeva et al. 1 pointed out that the four partition coefficients could be calculated using COSMO-RS, 13 in which case no experimental measurements were needed at all. They suggested that COSMO-RS was the only method available for the computation of log P values in solvents other than octanol, but the SPARC method 14 can be used to compute log P values in almost any water−solvent system. Whether Δ(log P) oct−tol is obtained by experiment or calculation, it suffers from some disadvantages as a method of indicating the presence or absence of intraHBs. Δ(log P) oct−tol is an approximation to the overall hydrogen bond acidity of a molecule, A, and does not relate to any specific acidic group in a molecule. It is only a measure of the hydrogen bond acidity of a particular NH group if this is the sole acidic group in the molecule. In addition, to date the method only separates solutes into those that may and those that may not form an intraHB.
In a later paper, Goetz et al. 15 described another indirect method for the detection of intraHBs that is based on chromatographic retention times of a test compound and a control compound that was designed to have no intraHB in a supercritical fluid chromatographic system. If the retention time of the test compound was lower than that of the control compound, this indicated that the test compound had an intraHB. Goetz et al. 15 also used the temperature variation of the NH chemical shifts in DMSO as a corroboration of the assignment. It was suggested that the temperature variation for amides with an intraHB is less negative than that for amides with no intraHB. Several examples of the detection of intraHBs were given. With one exception, all of the examples were of intraHBs formed by NH acidic groups.
Abraham et al. 16 described how values of the A descriptor for a given solute can be obtained from the solute NMR shifts in DMSO and chloroform. Whaley et al. 17 then applied the NMR method to the determination of A values for OH groups in a number of mono-and dihydroxyflavones (see Figure 1 ). These A values are the key to intramolecular hydrogen bonding. If an intraHB is formed by a given OH or NH group, then the A value of that group will be diminished because the propensity to form an intermolecular hydrogen bond will be reduced. Thus, the measurement of an A value for a particular OH or NH group will provide a quantitative estimate of the extent of intraHB due to that particular group. It is our intention to use the NMR method 16 to evaluate intraHBs for a variety of compounds that possess OH or NH acidic groups and then to relate intraHBs to actual values for some important properties. We denote A values determined by the NMR method as A NMR 
This difference is related to the hydrogen bond acidity of the OH or NH group through eq 4:
Values of the differences for OH groups, Δδ(OH), are given for monohydroxy compounds in Table 2 , together with the A NMR values calculated using eq 4. There is a clear distinction between aromatic OH groups that do not form an intraHB, which have A NMR > 0.5, and OH groups that form a strong intraHB, which have A NMR < 0.
1. An example of a very strong intraHB is found in 2-nitrophenol, where a six-membered intramolecular ring is formed between the hydroxyl and nitro groups. 2-Methoxyphenol, with A NMR = 0.43, appears to form a weak intraHB through a five-membered-ring system. In a very important development, Whaley et al. 17 used the NMR method 16 to identify intraHBs in a number of hydroxyflavones ( Figure 1) . A very strong intraHB is found in the case of 5-hydroxyflavone, which involves the formation of a sixmembered intramolecular ring between the 5-hydroxy group and the flavone carbonyl group. The 3-hydroxy group can also form an intraHB with the flavone carbonyl group, but this involves a five-membered intramolecular ring, and the intraHB is much weaker. Perhaps surprisingly, a weak intraHB is formed by the 2′-hydroxy group, which has A NMR = 0.41, quite a bit lower than that of phenol. Inspection of the structure of 2′-hydroxyflavone shows that a six-membered intramolecular ring can be formed between the 2′-hydroxy group and the flavone ether oxygen.
Aliphatic OH groups in alkanols have intrinsically lower A values than aromatic phenolic OH groups, so the qualification for an intraHB involving an aliphatic OH is also lower. We suggest that for aliphatic alkanol OH groups, if A NMR > 0.3 there is no intraHB and if A NMR < 0.1 an intraHB is present. A number of enols are all more acidic than simple aliphatic alcohols, 24 but the −OH in these enols must have some phenolic character.
We also studied a number of carboxylic acids (Table 2 ). There is an obvious difficulty in that carboxylic acids form dimers in nonpolar solvents such as chloroform. The OH signals for benzoic acid and cinnamic acid in deuterochloroform are quite broad, possibly because of exchange between the dimer and monomer, and the A NMR values of 0.07 and 0.04 strongly indicate that these acids exist in deuterochloroform mainly in the dimeric form. Aspirin (acetylsalicylic acid) has an A NMR value of −0.14 ( Table 2 ). This is an interesting solute because it could form a six-membered intraHB involving the carboxylic OH group and the ether oxygen in the OC(O)Me entity or it could form an eight-membered intraHB with the carbonyl oxygen in OC(O)Me. A single-molecule gas-phase calculation using the MMX force field (as implemented in the software package PCModel 26 ) suggests that the six-membered intraHB is preferred, but this is only a weak intraHB, as shown by the value A = 0.45 for 2-methoxybenzoic acid. 27 The ether oxygen in aspirin is even less basic than the ether oxygen in 2-methoxybenzoic acid, so we expect A for aspirin to be larger than A for 2-methoxybenzoic acid. In the event, A = 0.71 for aspirin, 27 suggesting that there is no intraHB at all. Therefore, the very small A NMR value for aspirin, −0.14, must also arise through dimerization. Both chromone-3-carboxylic acid and coumarin-3-carboxylic acid can form a six-membered intraHB; their A NMR values are −0.02 and 0.14 respectively. Mefenamic acid can form a six-membered intraHB between the CO 2 H group and an NH nitrogen, either with the structure O−H···N or CO···HN. The A NMR value for the OH group is 0.19, which suggests either an intraHB with the structure O−H···N or dimerization. Thus, for all three of these acids the A NMR value is commensurate with either formation of an intraHB or dimerization. It seems clear that little can be deduced about intramolecular hydrogen bonding involving carboxylic acids from our NMR shifts because of the strong tendency of the acids to dimerize in deuterochloroform. Table 2 also provides data on chemical shifts for dihydroxy compounds. For the aliphatic dihydroxy compounds, normally there is exchange on the NMR time scale between the two OH groups in a molecule. Thus, for compounds such as ethane-1,2-diol and pentane-1,5-diol there is only one OH signal in chloroform and one OH signal in DMSO. The chemical shift corresponding to these signals is an average of the chemical shifts of the two OH groups, and hence any calculated A NMR value from eq 4 is also an average A value for the two OH groups. Then the overall A NMR value can be taken as twice the A NMR value calculated from eq 4. For symmetrical compounds such as resorcinol and hydroquinone, the observed single OH shift could due to exchange or simply that the two OH groups have the same NMR shift. The result of Siskos et al. 18 for 4-methylcatechol, in which the two OH groups are not equivalent, suggests that in resorcinol and hydroquinone the single observed shift is due to the equivalence of the OH groups. Then the overall A NMR values for catechol, resorcinol, and hydroquinone are 0.94, 1.18 and 1.14, respectively, so on the basis of the NMR results it is possible that catechol forms a weak intraHB. The corresponding overall A values from eq 2 are 0.88, 1.09, and 1.06, 27 which again supports a weak intraHB in catechol.
A comparison of the A NMR values with the overall A values from eq 2 can be made for nine dihydroxy compounds in Table  2 . The average deviation between the two sets is 0.04, and the standard deviation is 0.11 units. The NMR method is thus capable of obtaining A values for these dihydroxy compounds to within about 0.10 unit. It is difficult to reach any conclusion for the alkanediols. The A value from eq 2 for alkan-1-ols is 0.37, and therefore, in the absence of possible electronic effects, an A value of 0.74 for an alkanediol would suggest that no intraHB is formed, as indicated by the A NMR values. The A value of 0.33 from eq 2 for an alkan-2-ol is rather less, so A NMR values of 0.64−0.76 for the cyclohexanediols again suggest that no intraHB is formed.
We have included in Table 2 important data on a number of dihydroxyflavones obtained by Whaley et al., 17 in which one substituent is the 5-hydroxy group. Unlike the dihydroxybenzenes and dihydroxyalcohols, these flavones gave two distinct signals, one for the 5-hydroxy substituent and one for the other hydroxyl substituent. The chemical shifts for 5-hydroxyflavone itself (Table 2) indicate that the A NMR value for this compound is only 0.02 and hence that 5-hydroxyflavone forms a very strong intraHB involving a six-membered ring with the flavone 17 The 5-hydroxy group forms a strong intraHB, but the 7-hydroxy group, with A NMR = 0.76, does not form an intraHB at all. Similar results were found with 5,3′-and 5,4′-dihydroxyflavones. Siskos et al. 18 confirmed the results of Whaley et al. 17 for 5,4′-dihydroxy-7-methoxyflavone (genkwanin), where separate signals are observed for the 4′-and 5-hydroxy substituents (see Table 2 ).
In previous work, 16 ,19−21 we recorded Δδ for NH groups in a selection of compounds. In the case of primary amides and primary amines that form an intraHB through their NH group, the chemical shift of the NH that takes part in the intraHB is not the same as the chemical shift of the NH that does not take part in an intraHB. We denote the hydrogen atom that is involved in an intraHB as H b and the hydrogen atom that does not take part in an intraHB as H a . Table 3 presents values of Δδ(NH) and the deduced A NMR values for a number of nitrogen compounds, 16, [19] [20] [21] 23, 25 including two agrochemicals, fipronil and imidacloprid ( Figure  2) . 11 Shalaeva et al. 1 also determined Δδ(NH) for several of the compounds they had studied using the Δ(log P) oct−tol method, but they did not make any use of the Δδ values. We include in Table 3 the Δδ(NH) values observed by Shalaeva et al. 1 and the corresponding A NMR values that we calculated using eq 4. The structures of compounds 1−10 in Table 3 are shown in Figure 3 . The NH compounds in Table 3 Table 3 ).
(A NMR = 0.14) possibly has a weak intraHB, again through a sixmembered-ring system. The two agrochemicals fipronil and imidacloprid 11 are very interesting. Inspection of the structures shows that a six-membered intramolecular hydrogen bond is possible, in the case of fipronil with the sulfone SO group and in the case of imidacloprid with one of the NO groups in the N−N(NO) 2 substructure (see Figure 2) . The NMR results show that fibronil (A NMR = 0.43) does not form an intraHB but that imidacloprid (A NMR = 0.11) may form a weak intraHB.
Lessene et al. 25 studied a number of benzoylureas together with some test compounds; the chemical shifts are listed in Table 3 . The NH group can form a six-membered ring with the benzoyl CO group, giving rise to an intraHB. It should be noted that the hydrogen bond acidity of the urea C( O)NHPh group (eq 2, A = 0.41) is larger than that in C( O)NHMe (eq 2, A = 0.19), which in turn is larger than that of a simple aliphatic amine R 2 NH (eq 2, A = 0.08). In addition there is a steric effect of alkyl groups, so the strength of the intraHB would be expected to change along the series C( O)NHPh > C(O)NHMe > C(O)NHi Pr > C( O)NHt Bu, exactly as observed (Table 3) . Indeed, the A NMR value of 0.22 calculated for PhC(O)N( i Pr)C(O)NHt Bu is so large that we deduce that there is no intraHB in this compound at all, whereas 1-benzoyl-1-ethyl-3-phenylurea, PhC(O)N(Et)C(O)NHPh, has a very strong intraHB.
Simple aliphatic primary and secondary amines have very small values of A from eq 2 (0.16 and 0.08, respectively), 27 so it is unlikely that intraHBs will form between an aliphatic amine (as an acid) and a hydrogen-bond base unless the latter is very strong. 4-Aminopent-3-en-2-one (A NMR = −0.03) is an exception because the CC double bond confers extra acidity on the NH protons, which leads to a strong intraHB involving a six-membered ring with the NH and the carbonyl CO group. The difference between the A values for aliphatic amines that do not form an intraHB (0.16 or 0.08) and the A values that arise from formation of a strong intraHB (−0.03) is quite small, so for simple aliphatic amines it is difficult to decide whether an observed small value of A NMR is due to formation of an intraHB.
A comparison between our conclusions and those of Shalaeva et al. 1 can be made for compounds with available Δδ(NH) values. These are shown in Figure 3 . Our assessments of intraHBs for these compounds are the same as those of Shalaeva et al., 1 with a few exceptions. For compound 4, our unambiguous assessment is for a strong intraHB, but the Δ(log P) value for compound 4 is so close to that for the control compound, for both the COSMO and shake-flask methods, that assignment of an intraHB on this basis is difficult. We also studied two compounds with both OH and NH groups (Table 4 ). In the case of 2-aminoethanol there is interchange between the OH and NH protons in chloroform, and little can be deduced. The compound N-hydroxymethylnonanamide contains the R−C(O)−NH−CH 2 −OH substructure, and the OH and NH protons give rise to different chemical shifts in chloroform. These shifts indicate that an intraHB does not form between the OH group and the CO carbonyl group.
■ DISCUSSION
There are very clear advantages of the NMR method over the use of Δ(log P) or chromatographic methods in the assessment of intraHBs. It is not necessary to have to devise a control compound to obtain information about the strength of an intraHB. This can be done simply from the NMR chemical shifts of the test compound. In favorable cases a specific intraHB can be identified even when there are two hydroxyl groups in the same compound. Finally, and very importantly, the method is practically very simple. A summary of the A NMR values, obtained from Δδ(OH) and Δδ(NH), that are associated with intraHBs is given in Table 5 .
The assessment of intraHB through some procedure such as our NMR chemical shift method, the partition coefficient method of Shalaeva et al., 1 or the chromatographic method of Goetz et al. 15 does not by itself lead to any estimate of the effect of intraHBs on physicochemical or biochemical properties. Neither Shalaeva et al. 1 nor Goetz et al. 15 addressed the problem of how intraHBs affect physicochemical or biochemical properties. However, this is a crucial step because it is the relationship between structural features such as intraHBs and biochemical and environmental properties that is a driving force in medicinal and environmental chemistry.
It is often assumed that intraHB will result in an increase of lipophilicity, 1 that is, an increase in a water−solvent (usually water−octanol) partition coefficient. 28 However, such an increase does not necessarily take place. We know that a strong indication of intraHB is the value of the A descriptor, so the term aA in eq 2 is crucial as regards the effect of intraHB on water−solvent partitions. Solvents such as octanol, diethyl ether, dibutyl ether, and ethyl acetate take up considerable quantities of water at saturation, and the resulting watersaturated solvent has about the same hydrogen bond basicity as water itself. This leads to very small values of the a coefficient (see Table 1 ) and hence of the aA term, so large changes in A due to an intraHB lead to only small changes in the overall log P value. We can illustrate this by a comparison of the log P values for ethyl 2-hydroxybenzoate (ethyl salicylate) and ethyl 4-hydroxybenzoate (ethyl paraben). The descriptors for these two compounds are given in Table 6 ; the values of A from eq 2 are 0.03 and 0.73, respectively, 27 showing that ethyl salicylate possesses a very strong intraHB. Table 1 gives the equation coefficients for partitioning from water to a number of common solvents, and Table 7 provides equation coefficients for various permeation processes. Table 8 presents the effects of intraHBs on water−solvent partitions. The effect of intraHB on log P for water−octanol, water−diethyl ether, and water−ethyl acetate is quite small in contrast to the effect on log P for water− trichloromethane, water−heptane, and water−cyclohexane, exactly as expected. Thus, whether the intraHB leads to a substantial increase in lipophilicity depends on the actual definition of lipophilicity. We have not considered structural effects on water−octanol partitions, other than for the compounds in Table 6 , because we are more concerned with the effects of intraHBs in general. In any case, structural effects on water−octanol partitions have been discussed in considerable detail already. 29 Even more important is the effect of intraHB on biochemical and environmental processes. Table 7 gives equation coefficients for permeation of neutral molecules from water, for rat intestinal absorption, 30 human intestinal absorption, 30 permeation from saline through the brain barrier, 31 permeation into cerasome, 32 permeation through skin, 33 and permeation into egg lecithin bilayers. 30 We can use the equation coefficients in Table 7 and the descriptors in Table 6 to estimate the effect of intraHB on these permeation processes ( Table 8) . As in the case of water−solvent partition coefficients, the effect of intraHB depends crucially on the actual permeation process. The effect is very small for rat and human intestinal absorption, quite small for saline−brain permeation, skin permeation, and permeation into cerasome; and large for permeation into egg lecithin bilayers. Table 7 also gives equation coefficients for human intestinal absorption when the latter is expressed in the usual terms of %HIA. The estimates of %HIA in Table 8 (103 for ethyl salicylate and 91 for ethyl paraben) show in this particular case that constructing a molecule that has a strong intraHB in order to increase the %HIA is of little value, as incorporation of an intraHB gives rise to only a small increase in %HIA. Table 7 also includes equation coefficients for some processes of environmental importance. A number of equations along the lines of eq 2 have been reported for sorption from water into soil, and we give the coefficients obtained by Bronner and Goss 34 for one particular soil (Pahokee peat) and the coefficients found by Poole and Poole 35 for sorption into soil in general. Also included are coefficients for distribution from water to two polymers used in solid-phase microextraction, poly(dimethylsiloxane) 36 and poly(oxymethylene). 37 The important air−water distribution is usually given in terms of partition from the gas phase to water, but for consistency we give equation coefficients for partition from water to the gas phase. 38 Apart from the latter process, where the very large effect of intraHB is as expected, it is very difficult to predict the effect of intraHB. Even for the two sorbents used in solid-phase microextraction, the effect can be very large [water to poly(dimethylsiloxane)] or almost negligible [water to poly(oxymethylene)]. Thus, as found for the permeation processes, in order to gauge the effect of intraHB, knowledge of the details of the process involved is essential.
■ CONCLUSION
Our NMR method for the determination of the descriptor A is a very simple method of assessing the presence of an intraHB in a molecule. However, the effect of incorporating an intraHB in a molecule on the actual values of physicochemical and biochemical properties is not obvious, and some method that relates intraHBs to such properties is a necessary requirement in order to establish the effect of intraHB. We have used a particular method based on eq 2, but in principle any method that can connect a structural feature such as an intraHB to the value of some property could be used. As a simple practical guide, phases could be classified into those that are strongly hydrophobic (heptane, chloroform, tetrachloromethane, toluene, nitrobenzene, egg lecithin bilayers), those that are moderately hydrophobic (dibutyl ether, brain, skin, cerasome), and those that are weakly hydrophobic (octanol, intestinal membrane). Then once the presence of an intraHB is detected using the NMR method, an assessment of the actual effect of intraHB can be deduced as strong, medium, and weak, respectively.
■ EXPERIMENTAL SECTION
The determination of NMR chemical shifts was carried out exactly as described previously. 
